The production of hydrogen by serpentinization in ultramafic-hosted hydrothermal systems is simulated by coupling thermodynamic and dynamic modeling in the framework of a thermo-hydraulic single-pass model where a high-temperature hydrothermal fluid moves preferentially through a main canal of high permeability. The alteration of ultramafic rocks is modeled with a first-order kinetic formulation, wherein the serpentinization rate coefficient, Kr, takes the form: Kr = A exp(−α(T − T0)2). In this formulation, α determines the temperature range of the reaction and T0 is the temperature at which the serpentinization rate reaches its maximum. This model is applied to the Rainbow hydrothermal system, which is situated on the Mid-Atlantic Ridge, and characterized by a high temperature, a high mass flux, and a very high hydrogen concentration. The results show that a first-order kinetic law gives a useful representation of the kinetics of serpentinization. The estimated value for the parameter A in the temperature-dependent formulation of the serpentinization rate coefficient lies in the range (1-5) × 10−11 s−1. This effective parameter is several orders of magnitude lower than the values obtained from small grain-size experiments, but in agreement with other published modeling studies of natural systems. Numerical simulations show that the venting site is able to produce the observed high concentration of hydrogen during the whole continuous lifetime of the Rainbow site.
INTRODUCTION

33
Hydrothermal activity along the axes of Mid-Ocean Ridges (MOR) is a key driver of energy 34 and matter transfer from the interior of the Earth to the ocean floor. Seawater penetrates the 35 permeable young crust, warms at depth, and reacts with the surrounding mantle rocks. At slow 36 spreading MOR, this interaction can produce large volumes of serpentinized peridotite. 37
Serpentinization of peridotite is an exothermic hydration process in which an assemblage of 38 olivines (MgFe) 2 SiO 4 and pyroxenes (both orthopyroxenes (MgFe)(SiO 3 ) and clinopyroxenes 39 Ca(MgFe)(SiO 3 ) 2 ) undergoes hydration to hydrous silicates (e.g., serpentine 40 The serpentine mineral group encompasses a variety of polymorphs such as lizardite, antigorite, 54 chrysotile. The nature and the amount of the reaction products depend on the proportion of 55 olivine and pyroxene in the initial peridotite, on the pressure and temperature conditions, on the 56 ratio between the initial mass of water and the initial mass of rock (water/rock ratio, denoted 57 w/r), and also on the fluid composition and on the evolution of the system composition.
3 examine the impact of the temperature and the w/r ratio on the H 2 generation during 60 serpentinization. Thermodynamic modeling was performed at equilibrium conditions and the 61 influence of kinetics was neglected. However, it is widely recognized that the kinetics of the 62 dissolution of olivine controls the speed of serpentinization, and thus the production of 63 hydrogen (Marcaillou et The w/r ratios used in these laboratory experiments were slightly lower than the w/r value 75 considered in the context of natural serpentinization by Agrinier & Cannat (1997) . However, 76 until 2011, the experimental results of Martin & Fyfe (1970) were the only ones available for 77 modeling the reaction rate of serpentinization. As a consequence, they have been widely used 78 using olivine and orthopyroxene powders with a grain-size of 25-125 µm. They obtained very 99 high reaction rate coefficients, which may be due to the very high initial porosity in the 100 experiments (~0.5). Furthermore, the reaction rate constant was one order of magnitude higher 101 in the olivine zone (K r = 4.4×10 -4 s -1 ) than in the orthopyroxene zone (K r = 2×10 -5 s -1 ). In 102 marked contrast with these results, other laboratory experiments on natural rock samples 103
showed that orthopyroxene reacts significantly faster than olivine at a temperature of ~300°C 104 (Klein et al. 2015) . The kinetics of serpentinization were also experimentally determined by 105 showed that the serpentinization kinetics of olivine aggregates is two to three orders of 109 magnitude slower than those measured in the same conditions on powders: A~10 -9 s -1 for 110 olivine aggregates (size~3.5 mm), and A~(0.1-1)×10
-6 s -1 for olivine powders (grain size~1-150 111 µm). We can imagine that the value of A in natural systems should be even lower, due to the 112 much lower reactive surface area of in situ coarse-grained ultramafic rock. 113 114 Rudge et al. (2010) slightly modified the parameterization of the rate coefficient, K r , given by 115 Kelemen & Matter (2008) , in order to introduce surface area effects: 116
i.e., A= K 0 ×(a 0 /a) 2 . In this formulation, a 0 is the grain size (58 µm ≤ a 0 ≤ 79 µm) in the 118 experiments by Martin & Fyfe (1970) , and the factor (a 0 /a) 2 reflects the scaling due to surface 119 area effects, where a is the typical grain size controlling the reaction. As in Eq. (2), T 0 is the 120 temperature at which the serpentinization rate reaches its maximum, and K 0 ~10 -6 s -1 is the 121 5 corresponding peak rate for a grain size a 0 =70 µm (Kelemen & Matter 2008 large number of data (both from in situ measurements and modeling studies) that are available 175 for this site, together with its high hydrogen production rate, render it an excellent study case to 176 test our hydrogen production model. Modeling H 2 production and transport processes can help 177 to reach a better understanding of the functioning of this ultramafic-hosted hydrothermal 178 system. 179
Then, we present the modeling approach. In this study, we assume that the reaction zone at 180 and Ca so as to achieve the charge balance (Table 1 ). This fluid is nominally intended to 272 represent seawater whose composition has been modified by circulation through the crust 273
(McCollom & Bach 2009). 274
All calculations were performed for a pressure of 35 MPa, which is appropriate for 275 hydrothermal systems such as the Rainbow site. 276
Thermodynamic modeling 277
Calculations of the chemical equilibrium were performed using the computer program, EQ3/6, 278 version 8.0 (Wolery 1992) , with a customized thermodynamic database compiled using 279 SUPCRT92 (Johnson et al. 1992 ). Activity coefficients for aqueous species were calculated 280 using the B-dot equation (Helgeson et al. 1981 
Serpentinization rate 288
The purpose of our modeling approach is to test the validity of applying the first-order kinetic 289 law for modeling the serpentinization process and the concomitant hydrogen production at the 290 scale of natural systems. We adopt the first-order kinetic formulation of 
We will call hereafter R the serpentinization rate. The rate coefficient K r can be described by 300
2 ) with α = 2.5×10 -4°C-2 , and T 0 = 270°C. We chose this equation A parameter. In fact, as explained in the introduction, the two parameters α and T 0 (which 306 define the temperature dependence of the reaction rate) are rather well constrained by the 307 experimental data and not expected to be affected by the change of scale from laboratory to in 308 situ experiments. Sensitivity tests allowing for uncertainties of a factor of 2 on α and ± 30°C on 309 T 0 show that such uncertainties affect the hydrogen production rate R by ∼40% only. This is 310 almost negligible compared to the variations of the parameter A which can be as large as 311 several orders of magnitude depending on grain size. 312
The w/r mass ratio is usually defined as the ratio between the initial mass of water and the 313 initial mass of rock in a closed box. This "static" w/r is used to model experiments in 314 thermodynamic equilibrium in closed systems. We previously used this definition to calculate 315 the hydrogen production as a function of the temperature and w/r, using a thermodynamic 316 database. In an open system, the static fluid/rock ratio, w/r, can be replaced by a "dynamic" where W is the fluid mass flow rate in kg s -1 , and R is the serpentinization rate in kg s -1 . We will 322 use this "dynamic" water/rock ratio W/R in the following sections for the modeling of 323 production and transport of hydrogen. 324
The thermo-hydraulic model 325
In our recent thermo-hydraulic modeling study of the Rainbow site (Perez et al., 2013), we 326 came to the conclusion that a homogeneous permeability field does not exist that would be able 327 to reproduce simultaneously the high exiting temperatures and the high mass flux which 328 characterize the Rainbow site. Instead, we showed that introducing the assumption that the 329 hydrothermal circulation preferentially takes place through a deep high-permeability zone can 330 account for both the high discharge rate and the high temperatures that are observed in situ at 331 the vent site. Such a single-pass type of modeling approach has already been adopted in several 332 studies to describe some of the Mid-Ocean-Ridge hydrothermal systems (e.g. Lowell degenerates into a second-order accuracy centered scheme for dominant diffusion transport 353 (Pe<2) and into a first-order upwind scheme for dominant advective transport. The numerical 354 scheme adopted is able to solve highly nonlinear coupled equations both on long and short 355 spatiotemporal scales. The full details have been described in (Perez et al. 2013) . 356
In the thermo-hydraulic simulation, the fluid is initially at rest and the temperature is equal to 357 T 0 in the whole porous domain. The fluid enters at a temperature of T 0 and exits with a zero 358 diffusive heat flux. 359
The bottom boundary is impermeable, and we use a Dirichlet-type condition for the 360 temperature to model the driver of the convection of the hydrothermal fluids (see Fig. 1 ). This 361 isothermal lower boundary requires that an infinite reservoir of heat is available to drive the 362 hydrothermal system. Such an assumption is acceptable for short time scales of decades or a 363 13 few hundreds of years at a low spreading ridge axis (Liu & Lowell 2009; Lowell et al. 2013) . 364 We have adopted a mesh inspired by the one used in the previous study of Perez 
Transport of hydrogen 370
After a few decades, the modeled hydrothermal circulation reaches a quasi-steady state. Then, 371 the corresponding temperature and pressure fields are used to simulate the transport of 372 hydrogen by advection and diffusion 373
where D is the diffusion coefficient, and φ the porosity. We adopted the values D=10 permeability canal and diffusive in the surrounding low-permeability zone. Cast3M is not a 378 reactive code. We have been able to overcome this restriction by including the serpentinization 379 reactions via the modeling of a production term S H2 in the hydrogen transport equation (7). This 380 production term is a function of the temperature T and the w/r ratio as described in the 381 thermodynamic model. In our modeling, we take into account only the serpentinization 382 reaction: we assume that the reaction zone at Rainbow is entirely peridotite and that the 383 produced hydrogen does not react during the transport. Furthermore, as the thermo-hydraulic 384 and transport modelings are not coupled but only solved sequentially, the water consumption 385 and heat production of the serpentinization reactions are neglected. Perez (2012) has shown the 386 validity of these assumptions. The hydrogen transport equation (7) 
RESULTS AND DISCUSSION
390
In a first step, equilibrium calculations were performed to calculate H 2 production during 391 seawater-peridotite alteration for temperatures from 25°C to 400°C, and water/rock (w/r) mass 392 ratios in the range 0.2-75. As the thermodynamic properties of the polymorphs involved in the 393 serpentinization reactions are relatively insensitive to pressure, all calculations were performed 394 for a pressure of 35 MPa. Figures 2A,B display with increasing w/r ratio ( Fig. 2A) . In contrast, the resulting hydrogen concentration (expressed 404 in mol per kg of post-reaction residual water) decreases with increasing w/r ratio (Fig. 2B) In this study, we use a single-pass type thermo-hydraulic model to study hydrogen production 481 through serpentinization at the Rainbow hydrothermal field by coupling thermodynamic and 482 dynamic modeling. Our numerical simulations show that the serpentinization of peridotites is 483 able to sustain high hydrogen production throughout the lifetime of the venting site. The zone 484 where serpentinization occurs is large enough and contains enough harzburgite to produce 485 hydrogen on the whole continuous lifetime of the Rainbow site. Therefore, this thermo-486 hydraulic model not only successfully reproduces the observed high temperatures and mass 487 flow rate, but also allows to explain the high hydrogen production rates that are necessary to 488 account for the elevated H 2 concentrations measured in the exiting fluids. Nevertheless, the 489 complexity of the system and the lack of data on the subsurface plumbing and hydrologic flow 490 paths require the introduction of simplifying assumptions, just like for any underconstrained 491 natural system which is investigated by means of a modeling approach. These assumptions 492 translate into a set of imposed parameters, whose values are more-or-less uncertain. Therefore, 493 this raises the question of the impacts of these fixed parameters on results and conclusions. In 494 the single-pass configuration however, these various parameters obey simple scaling laws 495 imposed by the mass and energy conservation equations constrained by the discharge yield of 496 the exiting fluids and the temperature data (Jupp and Schultz, 2004) . This fact reduces the 497 number of free parameters drastically. 498
499
Permeability field 500
Permeability is a key parameter for determining hydrologic flow paths in subsurface 501 hydrothermal systems. Unfortunately, it is also one of the most ill-determined parameters in 502 natural geologic settings. Our parametric study of the permeability field (Perez et al., 2013) led 503 to the conclusion that a homogeneous permeability field does not exist that would be able to 504 reproduce simultaneously the high exiting temperatures and the high mass flux which 505 characterize the Rainbow site. Instead, we showed that a single-pass model, that is based on the 506 assumption that the hydrothermal circulation preferentially takes place through a deep high-507 permeability zone, can account for both the high discharge rate and the high temperatures that 508 are observed in situ at the vent site. This conclusion is supported by previous studies, which 509
show that localized venting with a high-heat output requires zones with a high permeability to 510 the focus discharge. It might be more easy to explain this by a single-pass model than by high-511
Rayleigh-number convection in a homogeneous porous medium (Lowell 1991 , Lowell et al. 512 1995 . 513
The permeabilities k d of the central discharge zone and k r of the horizontal high-permeability 514 canal can be deduced in a simple way from the geometric parameters of the system using the 515 mass conservation equations: 516 Therefore, once the various size parameters of the computational domain are defined (see 523 below), the only value that still can be arbitrarily chosen is that of the permeability outside the 524 high-permeability pathways. Sensitivity tests (Perez, 2012) showed that the results of the model 525 are insensitive to this parameter provided that its value is small enough (in practise, two orders 526 of magnitude lower than that of the high-permeability canal). Making the permeability small 527 enough will ensure that the thermo-hydraulic model is in the single-pass mode. It is therefore 528 capable of reproducing the observed high temperature and high discharge yield. heating zone (Fig. 1) , typically 500-700°C, corresponds to the transition between brittle 538 (permeable) and ductile (impermeable) rocks (Lister 1974 , 1983 , Lowell & Burnell 1991 ). This 539 is in agreement with evidence from metamorphic assemblages and fluid inclusions obtained 540 from both mid-ocean ridges and ophiolites (see Wilcock, 1998 and references therein). 541
Sensitivity tests (Perez 2012) indicate that the kinetic parameters of the system are quite 542 insensitive to the value of L z and R, which is in conformity with the expectations for a single-543 pass configuration. They also show that the radius of the heating zone, R r , is imposed by the 544 heat output of the hydrothermal system. 545
Consequently, the only "loose" parameter is the thickness L r of the horizontal high-546 permeability pathway at the base of the system, which may vary around a typical value of L r ∼ 547 19 100 m (Jupp & Schultz 2004) . Therefore, the model has been run with three different values of 548 to a factor of 2 to 3). Therefore, one must keep in mind that the results of the present study 566 depends, in a quantitative way, on the assumption regarding the initial composition of the 567 ultramafic rocks undergoing serpentinization at the Rainbow site. The impact of the uncertainty 568 on the initial rock composition on our estimated A parameter, probably less than a factor of 2, 569 remains modest however, considering the fact that the kinetics of serpentinization reactions 570 may vary by orders of magnitude depending on the in situ conditions (see Introduction above). 571
It is also worth noting that we neglected hydrogen generation through ferric-serpentine 572 production whereas it is known to lead to significant hydrogen concentrations at low 573 temperature (Klein et al. 2009 ). An additional simulation using the results of Klein et al. (2009) 
CONCLUSION
583
Most of the modeling studies concerned with mid-ocean ridge hydrothermal systems are 584 "process-oriented" rather than site-specific, illustrating the inadequacy of the available data as a 585 basis for constructing realistic models. However, in addition to its excellent temperature and 586 fluid geochemistry data, which have remained remarkably stable over more than a decade 587 (including unusually high hydrogen concentrations), the Rainbow site has the specificity of 588 benefiting from an accurate flow rate estimate. This important additional constraint has 589 motivated us to tentatively explore the production of hydrogen by serpentinization in this 590 ultramafic-hosted hydrothermal system by coupling thermodynamic and dynamic modeling. 591
This dynamic model builds further on earlier thermo-hydraulic results for this site (Perez et al. 592 2013), which showed that a homogeneous permeability field does not exist that would be able 593 to reproduce simultaneously the high exiting temperatures and the high mass flux which 594 characterize the Rainbow site, and that a single-pass type model, based on the assumption that 595 the hydrothermal circulation preferentially takes place through a deep high-permeability zone, 596 is required. 597
The model results show that a first-order kinetic law is a useful representation of the kinetics of 598 serpentinization. Although it certainly does not fully reflect the complexity of surface reactions 599 in nature, it can be used as an effective law at larger scale. The estimated value for the 600 parameter A in the temperature-dependent formulation of the serpentinization rate coefficient 601 lies in the range ~ (1-5)×10
-11 s -1 , which corresponds to an effective "grain size" a~(1-2) cm. 
